Respiratory effects of carbon dioxide-induced changes of medullary extracellular fluid pH in cats. by Eldridge, F L et al.
J. Phy8iol. (1984), 355, pp. 177-189 177
With 7 text-figure8
Printed in Great Britain
RESPIRATORY EFFECTS OF CARBON DIOXIDE-INDUCED CHANGES
OF MEDULLARY EXTRACELLULAR FLUID pH IN CATS
BY FREDERIC L. ELDRIDGE, JAMES P. KILEY
AND DAVID E. MILLHORN
From the Department of Physiology, University of North Carolina, Chapel Hill,
NC 27514, U.S.A.
(Received 13 December 1983)
SUMMARY
1. Acute and steady-state responses to hypercapnia ofrespiratory output, measured
as integrated phrenic nerve activity, and medullary extracellular fluid (e.c.f.) pH,
measured directly, were determined in paralysed, vagotomized and glomectomized
cats.
2. Medullary e.c.f. pH responds within seconds to an acute change of alveolar and
arterial PCo2. The respiratory response closely and inversely matches the e.c.f. pH
change, but not the cerebrospinal fluid pH change.
3. The medullary e.c.f. pH change following a rapid step-change in end-tidal PCO.
requires at least 5 min for a new steady state to be achieved.
4. Steady-state studies in twenty-six cats show: (a) that the respiratory response
to progressive hypercapnic stimulation of the central chemoreceptors is curvilinear
(Eldridge, Gill-Kumar & Millhorn, 1981), (b) that the relationship between increasing
end-tidal PCO2 and medullary hydrogen ion concentration ([H+]) or changes of pH
is linear (r = 0 995); a doubling of Pco2 causes 0-260 units pH change, (c) there is a
curvilinear relationship between e.c.f. [H+] and the respiratory response that is the
same as that found with CO2.
5. We conclude that medullary e.c.f. pH measured by means of a surface electrode
accurately reflects the C02-induced [H+] stimulus to respiration. The decreasing
respiratory responses to identical changes of central chemoreceptor input are due to
progressive neuronal saturation of a central pathway between the chemoreceptors
and the respiratory controller.
INTRODUCTION
Stimulation of respiration has been shown to be closely associated with changes
of hydrogen ion concentration ([H+]) or pH in the brain's extracellular fluid (e.c.f.),
and it has generally been thought that the medullary e.c.f. [H+] bathing the
chemoreceptors plays the major role in central chemical stimulation of breathing
(Loeschcke, 1982; Pappenheimer, Fencl, Heisey & Held, 1965; Fencl, Miller &
Pappenheimer, 1966; Berndt, Berger, Berger & Schmidt, 1972).
Many ofthe studies showing the relationship between e.c.f. [H+] and breathing have
F. L. ELDRIDGE, J. P. KILEY AND D. E. MILLHORN
depended upon measurements of arterial, venous and cerebrospinal fluid pH and upon
calculation ofe.c.f. pH. Relatively few studies have attempted to show the quantitative
relationship between respiratory output and directly measured medullary e.c.f. pH.
Cragg, Patterson & Purves (1977), using a micro-electrode inserted into medullary
tissue, showed that there was a close correspondence between the time courses of
change of e.c.f. pH and ventilatory airflow rates. Teppema, Vis, Evers & Folgering
(1982) and Ahmad & Loeschcke (1982a), who used flat pH electrodes placed on the
medullary surface, found a rapid response (5-8 s) to a PCO2 change at the lungs but
noted that there was a relatively long time constant (30-50 s) for the full pH response.
Teppema et al. (1982) also found that respiratory output, measured as phrenic
activity, responded more slowly than e.c.f. pH and attributed this difference to a
separate slow central neural process. Teppema, Barts, Folgering & Evers (1983)
recently reported steady-state integrated phrenic nerve activity and ventilatory
responses to e.c.f. acidosis induced by changes of PCO2, Although they analysed most
of their data with the assumption, which they recognized might not be valid, that
respiratory changes were linearly related to e.c.f. pH change, several of the examples
showed a curvilinear relationship.
In this regard, we have shown (Eldridge, Gill-Kumar & Millhorn, 1981; Eldridge,
Millhorn & Waldrop, 1982) that the respiratory output response, measured as phrenic
activity, to hypercapnic stimulation of the central chemoreceptors is curvilinear,
showing progressively smaller increments of output for equal increments of PCO2 at
the lungs as the latter became higher. Because we could show that other inputs, not
based on CO2 changes, had similar effects, we concluded that the curvilinearity of
the response was due to properties of a common neural component of the central
pathway for these two inputs, that develops progressive saturation as its activity
increases. However, we did not address the question of how well PCO2 at the mouth
reflects the presumed stimulus, [H+], at the chemoreceptors.
In the present study we have examined the relationship between directly measured
e.c.f. pH or [H+] changes and respiratory responses to both acute and steady-state
changes of PCO2. In order to avoid effects of peripheral feed-back, the experiments
were performed in ventilated, paralysed animals whose vagi and carotid sinus nerves
had been cut, and phrenic nerve activity was used as the index of respiratory output.
Because we used CO2 changes to produce the e.c.f. [H+] changes, the question raised
again recently as to whether or not [H+] is the unique stimulus to the central
chemoreceptors, with the alternative a separate effect of CO2, will not be considered
(see review of Bledsoe & Hornbein, 1981; Teppema et at. 1983; Fukuda, 1983;
Kiwull-Sch6ne & Kiwull, 1983; Eldridge, Kiley & Millhorn, 1984).
METHODS
Studies were performed in thirty healthy adult cats weighing 2-3-44 kg. They were anaesthetized
first with ether and then given chloralose (40 mg/kg) and urethane (250 mg/kg) via a catheter
placed in a femoral vein. Femoral arterial pressure was measured by means of a catheter and strain
gauge. Body temperature was monitored with a rectal thermistor and servocontrolled at 37-5°C
by means of an electronic circuit and d.c. heating pad. The trachea was cannulated through a neck
incision and continuous sampling of airway CO2 was accomplished by means of a catheter placed
in the airway; analysis was made by an infra-red C02 analyser (Beckman LB-2).
Following these preparations, an animal was placed supine on a table with a rigid head mounting.
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Both vago-sympathetic trunks were cut in the neck. The carotid sinus nerves were exposed and
cut under direct vision. One phrenic nerve root (C5) was also exposed in the neck, cut, desheathed
and placed on a bipolar recording electrode. The platinum wires of this electrode were built into
a small piece of acrylic plastic; it was placed in the tissue well adjacent to the nerve which was
placed on the wires. Because the electrode had no fixed external attachment (the electrical
connexions were flexible and moved freely) it moved with the cat. With this technique it was
possible to leave the nerve and electrode untouched even during a long experiment and to maintain
a relatively constant electrical coupling between nerve and electrode which were immersed in a pool
of mineral oil.
All animals were ventilated with 100% oxygen using a volume-cycled ventilator and were
paralysed with gallamine triethiodide, 3 mg/kg i.v. initially, followed by a continuous infusion at
the rate of3 mg/kg per hour to maintain paralysis. In order to prevent significant changes in end-tidal
and arterial Pco, secondary to changes in cardiac output and venous CO2 return to the lungs, the
d.c. voltage on the ventilator's motor could be controlled by the animal's end-tidal Pco3 through
an electronic circuit. The ventilator's rate was thereby servocontrolled to maintain end-tidal Pco2
within +0-5 torr of the desired level (Smith, Mercer & Eldridge, 1978). In order to change the Pco,
to a different level in an animal, the ventilator's tidal volume was changed and the set-point of
the servocontroller adjusted to the desired value.
Measurement of ventral medullary e.c.f. pH. In preparation for this measurement, we retracted
the larynx and esophagus rostrally, removed the muscle covering the basal portion of the occipital
bone, and chipped away the bone between the tympanic bullae. Bleeding was carefully controlled
by GelfoamR. The dura overlying the medulla was opened in the mid line by microcautery, retracted
laterally and tacked to the bone by means of cautery. A 1 cm deep.Teflon ring was placed over
the exposed medulla and the spaces around it filled with agar, resulting in a well which subsequently
filled with clear cerebrospinal fluid to a depth of approximately 1 cm.
The pH was measured by means ofa flat-surfaced pH-sensitive glass electrode with a tip diameter
of 2 mm (Microelectrodes, Inc., Londonderry, NH, Model MI404, time constant of response = 1.5 s)
and a micro-reference electrode (Microelectrodes, Inc., Model MI401). Both were mounted in a
balanced holder which moved freely in the vertical direction. Both electrodes were lowered gently
onto the surface of the medulla so that the tips were located lateral to the mid line near the upper
rootlets of the twelfth cranial nerve in areas that were free of visible blood vessels. Under visual
inspection using a binocular microscope firm contact of the pH electrode tip on the medulla was
verified but indentation of the medullary surface was avoided.
A locally built pH meter with isolated input was used to amplify the signal (Cragg et al. 1977).
The output ofthe meterwas processed by means ofan integratingdigital voltmeter (Hewlett-Packard
Model 5326B) and expressed as average values for a period of time (1 or 10 s as appropriate for
a given experiment). Calibration of the pH electrode was carried out in vitro with standard
phosphate buffers (pH 7 0 and 7 382).
In three cats, a flexible glass-tipped pH electrode (Microelectrodes, Inc., Model MI 508) was
inserted into a femoral artery and positioned in the descending aorta so that its tip and the
medullary electrode were approximately equidistant from the heart. The output signal of its pH
meter was recorded directly. Calibration was also performed in vitro as above. In three additional
cats, a similar pH electrode was positioned in the cerebrospinal fluid (c.s.f.) approximately 2 mm
above the surface of the medulla. Its output was processed by means of an integrating digital
voltmeter.
Experimental protocols
Acute responwe8. In all of these experiments control conditions were recorded after stable levels
of end-tidal Pco,' arterial pressure, phrenic activity and medullary e.c.f. pH had been achieved.
An acute change of alveolar and/or arterial Pco, was induced by one of several different methods.
The effects were recorded for at least 2 min, but in some experiments for as long as 6-8 min after
the acute event. The various perturbations included:
(1) occlusion of the airway for 10-15 s; this caused a fairly rapid and progressive rise of alveolar
(and arterial) Pco, during the period of occlusion;
(2) addition ofCO2 to inspired gas; during each of about twenty inspirations about 5 ml of 100%
C02 was injected into the inspiratory tubing leading from the ventilator to the cat; this led to a
rapid increase of end-tidal Pco, from its control level to greater than 100 torr;
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(3) injection of sodium bicarbonate; 1 ml M-NaHCO3 (1 mequiv) was injected as a bolus through
a catheter located in the inferior vena cava;
(4) quasi-square-wave change of end-tidal PCO,. To accomplish this the setting of the servo-
controller was quickly changed to a new level; the consequent changes of end-tidal Pco, and
medullary pH were followed continuously until both had become stable.
Steady-state relationships. The end-tidal Pco2 at the threshold of rhythmic activity was first
determined. Pco, was lowered to produce apnoea. Then, by changing the setting on the ventilator's
servocontroller, PCO2 was raised in very small steps until minimal activity reappeared. The threshold
value was recorded for 1 min concurrently with the e.c.f. pH reading. The Pco2 was then raised
slightly (usually about 1 torr). After 5-10 min, when e.c.f. pH, phrenic activity and other variables
had become stable, they were again recorded for 1 min. Seven additional step-increases of end-tidal
Pco, to as high as 40 torr above threshold were then performed and the responses at each step
determined in a similar manner.
Data handling
Data obtained included arterial pressure, airway Pco,, phrenic nerve impulses and e.c.f. pH, all
of which were recorded on magnetic tape and on a hard-copy of an oscilloscope screen. pH values
were also recorded by means of a digital printer. Breath-by-breath analysis of phrenic activity was
performed by a computer. Phrenic activity was half-wave rectified and integrated for each 0-1 s
period by means of an integrating digital voltmeter as previously described (Eldridge, 1975). The
inspiratory output for each breath was determined from the peak 0-1 s activity. It has been shown
that this value is the neural equivalent of tidal volume of breathing (Eldridge, 1971). Neural minute
activity was calculated as the product of this value and respiratory frequency. In the steady-state
studies, recordings were made for a 1 min period. Since breath-to-breath variation of the indices of
phrenic activity was consistently small (± 2 to 3 % S.E. of mean), the averaged value for each period
was treated as a single measurement for purposes of analysis.
In order to compare the findings among different cats, the data were normalized by assigning
a value of 85 units to the level of tidal phrenic activity found in an individual cat when Pco, was
40 torr above the threshold for rhythmic activity. All other levels were scaled accordingly. The
experimental basis for this normalization lies in the finding that the response of tidal phrenic
activity to increasingC02 saturates at approximately this level (Eldridge et al. 1981).
For presentation of results of the steady-state Pcoi-phrenic responses and the Pcoi-pH
relationship, data were grouped into bins of increase ofPco, from the apnoeic threshold value (0-1,
1-1-3, 3-1-7, 7-1-12, 12-1-18, 18-1-24, 24-1-32, and greater then 32 torr). The pH-phrenic results
were similarly grouped into bins of decreasing pH from the value at apnoeic threshold (0 to -0-02,
-0-021 to -0-05, -0-051 to -0-08, -0-081 to -0-12, -0-121 to -0-17, -0-171 to -0-22, -0-221
to 0-28, and less than -0-281 units).
RESULTS
Acute responses
(1) The effects of airway occlusion were studied in all cats. In one cat an occlusion
lasting about 12 s, during which PCO2 rose from 30 to 49 torr, caused arterial pH to
begin to fall within 2 s after the last effective breath, and to become progressively
more acid during the occlusion (-0-082 units maximum). At the end of the occlusion
arterial pH became more alkaline within 2 s after the first effective breath. Medullary
e.c.f. pH started to fall only after a longer delay (5 s). It also fell progressively but
not as much (-0-032 units maximum) as the arterial pH. An alkaline shift occurred
within 5 s of the first effective post-occlusion breath.
A similar airway occlusion lasting 15 s, which causedPCO2 to increase from 25 to
40 torr, is shown for another cat in Fig. 1. The decrease of pH, which began 5s after
the occlusion, is similar to that of all other cats. An alkaline reversal occurred 6 s
after the first post-occlusion breath. The Figure clearly shows that the phrenic
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response closely follows the e.c.f. pH change in both directions and that the peak
phrenic response occurs within 1-2 s after the most acid pH.
(2) Injections of CO2 into the inspiratory tubing leading to the cat from the
ventilator caused the peak PCO2 to increase to about 100 torr during the injections.
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Fig. 1. Effect of an occlusion of the airway, which caused end-tidal Pco2 to increase from
25 to 40 torr, on medullary e.c.f. pH and phrenic activity in a paralysed, ventilated cat.
The rapid rate of the ventilator, the undershoot of end-tidal PCO, and e.c.f. alkalinity in
the post-occlusion period are due to the effects of the Pco, servocontroller used in these
experiments. Each step of the e.c.f. pH recording in this and subsequent Figures is 1 s
in duration and is delayed 1 s from real time.
fall progressively (-0-083 units maximum) as injections continued. This change of
pH was associated with a progressive increase of phrenic activity. Upon cessation
of CO2 administration, pH promptly became more alkaline as end-tidal PCO,
decreased and phrenic activity began to decrease at about the same time. Cerebrospinal
fluid (c.s.f.) pH did not begin to fall until 36 s after the onset of CO2 injection, long
after e.c.f. pH had changed. Also, its change was smaller than that of e.c.f. and, unlike
e.c.f. pH, showed no correlation with the phrenic response.
(3) Injection into the inferior vena cava of t ml M-NaHCO3 led, within 2 s ofa bolus,
to an increase of PCo2 in the lung, which was reflected by a rise of the end-tidal level
that peaked at about 4 s (Fig. 3). E.c.f. pH started to become more acid after a 6 s
delay. It then decreased rapidly (- 0-08 units maximum) over the next 6 s, after which
it returned to the control level. Phrenic activity increased only during the acidosis
which was presumably due to the local rise of medullary PCo2. Bicarbonate injections
were given to a total of five cats. They did not produce as large an acid shift in all
cats. In all cats the acid change was followed by an alkalosis of the e.c.f., of variable
magnitude but in some cats occurring within a minute of the injection. In all cases,
changes of phrenic activity remained closely but inversely related to medullary e.c.f.
pH.
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(4) The pattern of change of medullary e.c.f. pH after as rapid a step change of
end-tidal PCO2 as we could accomplish with our apparatus was studied in most of the
cats. An example is shown for one cat in Fig. 4. PCO2 was initially 65 torr and was
reduced to 31 torr, 90% of the change occurring in 25 s. It can be seen that the initial
e.c.f. pH response to the decreasing PCO, occurred after only a brief delay but the









Fig. 2. Effect of injecting CO2 into ventilatory tubing leading to cat on cerebrospinal fluid
(c.s.f.) pH, medullary extracellular fluid (e.c.f.) pH and respiratory response (phrenic
activity). Recording of airway PCO, was turned off during injections. The vertical line
indicates time of first increase of PCO, in the lungs and the horizontal bar the period of
the injections. A.p. = arterial pressure.
Steady-state relationships
All twenty-six animals studied were responsive to the hypercapnic stimulus acting
only on the central chemoreceptors. Apnoeic threshold for the group was
28'4 torr+0 9 S.E. of mean. The averaged above-threshold responses of minute
phrenic activity are plotted against change in end-tidal PCO2 in Fig. 5. Tidal (peak
phrenic) neural activity exhibited a similar relationship. Both indices of respiratory
activity showed a clear tendency for the response lines to curve to the right, showing
that there were progressively smaller increments of activity for equal increments of
PC02 as the latter became higher. These findings are similar to those reported in two
earlier studies (Eldridge et al. 1981, 1982).
The relationship between log PCO2 and change of medullary e.c.f. pH in the
twenty-six cats is shown in Fig. 6. The mean slope of this relationship was
-1I154 +0-048 S.E. ofmean log units/pH unit. A doubling of PCO2 led to a pH change
of0-260 + 0 011 units. The linearity ofthe relationship is shown by the extremely high
correlation coefficients found in each ofthe twenty-six individual cats; the mean value
of r was 0-995+ 0-006.
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The relationship between change of medullary e.c.f. pH due to increasing end-
tidal/arterial PCO2 and the respiratory variables is shown in Fig. 7. Mean pH at
apnoeic threshold in the twenty-six cats was 7-3051 + 0-0317 units. Responses of tidal
and minute phrenic activity were similar; both developed a decreasing response to
equal changes ofpH as the latter became more acid. The responses are clearly steepest
in what is probably the range of normal quiet breathing (20 units) when PCO, is about
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Fig. 3. Effects ofan intravenous bolus injection, marked by vertical lines, of t ml M-NaHCO3
on end-tidal Pco,, medullary e.c.f. pH and phrenic activity in a paralysed, ventilated cat.
The e.c.f. pH develops an acute acid shift related to the increased Pco., and a stimulation
of phrenic activity associated with the acidity. Note that phrenic activity follows the pH
shifts. A.p. = arterial pressure.
3 torr above apnoeic threshold and e.c.f. pH is -0-03 units from the threshold value.
Because [H+] may be the more pertinent value to consider in stimulation of the
chemoreceptors, the phrenic-[H+] relationship was also plotted. Not surprisingly, it
has almost exactly the same curvilinear shape as the phrenic-CO2 relationship shown
in Fig. 5.
DISCUSSION
In the past few years there has been an increasing interest in measuring e.c.f. pH
directly by means of a small flat-tipped H+-sensitive electrode (Loescheke & Sugioka,
1969) placed squarely on the ventral surface of the medulla in the region thought
to be related to chemosensitivity (Shams, Ahmad & Loescheke, 1981; Teppema et
al. 1982, 1983; Ahmad & Loeschcke, 1982a). The basis of the technique is the
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Fig. 4. Time course of change of medullary e.c.f. pH following a rapid change of end-tidal
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Fig. 5. Relationship between above-threshold increment ofend-tidal PCO, and mean neural
minute respiratory (phrenic) activity under steady-state conditions in twenty-six cats.
Vertical bars in this and subsequent Figures represent S.E. of mean.
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observation that e.c.f. has free access to fluid on the surface of the brain (Dermietzel,
1976). It is believed that the isolated thin layer of fluid between the surface of the
medulla and the flat electrode reaches rapid equilibrium with e.c.f. and measurements
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Fig. 6. Steady-state relationship between end-tidal PCO, and change of medullary e.c.f.
pH in twenty-six cats during increasing levels of hypercapnia. The line represents the
least-squares regression fit. A doubling of PCO, is associated with an e.c.f. pH change of
-0-260 units.
The present studies, we believe, further validate the use ofthis technique. Our acute
results are consistent with those of Teppema et al. (1982, 1983) and Ahmad &
Loescheke (1982a), all ofwhom used a larger diameter (5 mm) surface electrode than
ours (2 mm), and Cragg et al. (1977) who used a micro-electrode in medullary tissue.
We confirm that the earliest acid e.c.f. pH change in response to a change of PCO2
in the lungs is rapid (4-7 s) and consistent with the probable circulation time to the
medulla, and that it lags the arterial pH by only a few seconds.
We also show that an increasing respiratory activity closely follows the decreasing
e.c.f. pH, but not the c.s.f. pH (Cragg et al. 1977; Kiley, Eldridge & Millhorn, 1984).
Peripheral chemoreceptors and vagal receptors had been denervated in our
preparation, so the respiratory changes must have been due to stimulation of central
chemoreceptors. Our findings therefore indicate that the pH being measured is a good
index of that actually affecting the chemoreceptors.
The decreasing respiratory activity when pH becomes less acid appears to have
a slower time course than the onset of activity (see Fig. 1). This can be explained
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by the existence of a centrally mediated neural mechanism, or after-discharge, that
has been shown to cause changes of respiration to lag (TC - 40 s) e.c.f. pH changes
(Teppema et al. 1982). Although the latter authors found no difference between onsets
and offsets, other studies have shown that the activation of the neural mechanism
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Fig. 7. Steady-state relationships between respiratory (phrenic) activities or frequency and
changes of medullary e.c.f. pH during increasing levels of hypercapnia in twenty-six cats.
The present study shows that the first response (within seconds) to an intravenous
injection of M-NaHCO3 is an e.c.f. acidosis which is due to the high partial pressure
of CO2 in the injectate, and which has the same characteristics as the response,
including that of respiration, to a simple increase of Pco2. It has been shown, however,
that an alkaline medullary (Cragg et al. 1977; Teppema et al. 1983) or cortical
(Javaheri, Clendening, Papadakis & Brody, 1981; Ahmad & Loeschcke, 1982b) e.c.f.
pH shift can also occur relatively rapidly (within minutes) after a bicarbonate
injection. Our findings support these results and the interpretation that a rapid ionic
exchange occurs between blood and brain e.c.f. (Ahmad & Loeschcke, 1982b;
Johnson, Hoop & Kazemi, 1983). It is clear that the respiratory response is
appropriate to the pH change whichever its direction.
Despite the rapid onset of an e.c.f. pH response to a change of arterial Pco2, the
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full steady-state response to a step-change ofPco2 develops more slowly. Other studies
(Teppema et al. 1982; Ahmad & Loeschcke, 1982 a) have reported time constants for
the pH response to range between 30 and 50 s. In our hands, the full response required
about 5 min. Because the change of PCO2 was not a square-wave, we have not
attempted to determine a time constant but it would appear to be in the reported
range. The finding does show that a period of equilibration of at least 5 min should
be allowed to elapse after a CO2 change before one accepts an e.c.f. pH value as
representing a steady-state in the e.c.f.
The curvilinear Pc02-phrenic response relationship found in our steady-state
studies is similar to those reported previously (Eldridge et al. 1981, 1982), and shows
progressively smaller increments ofoutput for equal increments ofstimulus, measured
as Pco2 change in the lungs. Because we could show in the earlier studies that input
from the peripheral chemoreceptors, but not that from peripheral muscle, had similar
effects, we concluded that the curvilinearity of the phrenic response was due to
progressive neuronal saturation of components of a pathway common to the two
chemoreceptor inputs. The present study also shows that there is a non-linear
summation of phrenic responses to equal increments of the [H+] stimulus measured
near the central chemoreceptors. Thus, Pco, changes measured in the lungs, and
presumably arterial blood, and changes of [H+] in the medulla appear to provide
similar representations of the central stimulus.
The tight linear relationship in each cat of log PCo, vs. pH (or Pco2 vs. [H+]) is, we
believe, supportive of the validity of our e.c.f. pH measurements. We have presented
the slope of the log Pcoa-pH relationship as the pH change for a doubling of Pco2;
in our twenty-six cats the value was 0-260+0-011 pH units. There are few studies
with which these data can be compared. The slopes of the relationship in Fig. 3 of
Teppema et al. (1982) are based on only two points each, but appear to be mainly
in the range of about 0-200-0e250 pH units for a doubling of CO2. In smaller groups
of four and five of their cats, the slopes were 0-225 and 0-189 pH units respectively.
Cragg et al. (1977) show one cat (see their Fig. 8) in which the slope is about 0-210 e.c.f.
pH units for a doubling of arterial Pco2, Thus, these studies give values that are
comparable to ours. The slope value that can be calculated from the data (Fig. 2)
of Ahmad & Loeschcke (1982a) is smaller (0-113 units), but the time that e.c.f. pH
was followed was only 3 min so it is likely that the pH change was underestimated.
It should be noted that in all of these studies the relationship was between end-tidal
or arterial PCO2 and e.c.f. pH. Obviously it would be desirable to know the e.c.f. PCO2,
which will be higher than arterial but less than venous Pco, and which has been shown
in the cortex to be slightly higher than the arithmetic mean of the two (Ponten &
Siesjo, 1966). The tissue to arterial Pco, difference in the medulla has been reported
to be about 3-5 torr in the normoxic, normocapnic cat (Stafford, Feustel &
Severinghaus, 1983).
Tissue Pco, can be affected independently of the arterial by changes of metabolic
rate, by changes of medullary blood flow, by Haldane effects and by the effects of
non-linearity of the CO2 dissociation curve. During hypercapnia the resultant tissue
CO2 tension will reflect the interplay ofthese several factors. Our study does not allow
us to quantify how changes of these variables would affect the slope of the Pco2-pH
relationship. However, we have calculated the effects of a 3-fold increase of medullary
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blood flow (Vis & Folgering, 1980; Feustel, Stafford, Allen & Severinghaus, 1981) and
the associated Haldane and non-linearity factors. We find that the change of the
arterial to tissue PCO, difference would be smaller than 2 torr. If metabolic production
of CO2 in the medulla were to increase as a result of increased respiratory neuronal
activity (Neubauer, Strumpf & Edelman, 1983) the change would be even smaller.
Thus, it seems likely that the e.c.f. log Pco2-e.c.f. pH curve would be shifted upwards
slightly from that which we measured, but that the slope would be minimally
different. In any case, an error in this relationship would not affect our findings on
the relationship of respiration to medullary e.c.f. pH since the latter was measured
directly.
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